ABSTRACT The cell cortex is a key structure for the regulation of cell shape and tissue organization. To reach a better understanding of the mechanics and dynamics of the cortex, we study here HeLa cells in mitosis as a simple model system. In our assay, single rounded cells are dynamically compressed between two parallel plates. Our measurements indicate that the cortical layer is the dominant mechanical element in mitosis as opposed to the cytoplasmic interior. To characterize the time-dependent rheological response, we extract a complex elastic modulus that characterizes the resistance of the cortex against area dilation. In this way, we present a rheological characterization of the cortical actomyosin network in the linear regime. Furthermore, we investigate the influence of actin cross linkers and the impact of active prestress on rheological behavior. Notably, we find that cell mechanics values in mitosis are captured by a simple rheological model characterized by a single timescale on the order of 10 s, which marks the onset of fluidity in the system.
INTRODUCTION
The cell cortex plays a key role in determining cell mechanics, cell shape, and tissue organization (1) . The cortical layer is an actin-based filament network linked to the plasma membrane (2) . It is dynamically maintained at a thickness that has been estimated to range from 0.05 to 1 mm (2). Many actin-associated proteins organize the network structure and filament length including passive cross linkers and active elements such as myosin motors (2) . The cortex is therefore an active material and is mechanically characterized by the cortical tension. This cortical tension results from active contractile stress generated in the cytoskeletal network by motor proteins and filament dynamics (1, 2) . The cortex provides a cell with an effective surface tension (2) . In contrast to the surface tension of a passive system (3), such as a liquid drop, cell surface tension can be locally regulated by cellular signaling processes (1, 4) . This allows the cell to use cortical mechanics to regulate shape and, together with cell adhesion, to guide tissue organization (1) . For example, cortical tension can regulate cell shape in a tissue, and drive tissue remodeling processes such as T1 transitions (5, 6) and cell extrusions from an epithelium (7) . During mitosis, increasing cell surface tension leads to cell rounding. In this way, cells provide sufficient space for the formation of a mitotic spindle unhindered by complex cell geometry found in tissues (8) . Cell rounding is associated with major remodeling of the actomyosin cytoskeleton and an increase in cortical tension that is accompanied by a corresponding increase of hydrostatic pressure (9) (10) (11) . Round cells will then divide into two during cytokinesis, and return to interphase.
While there is extensive work on the mechanics of the interphase cortex, we know much less about the mechanics of the mitotic cortex. Therefore, we do not understand how mechanical properties of the cortex change to prepare cells for division. Recently, using a parallel plate assay (12) , we have shown that compressed mitotic cells acquire a welldefined shape of minimal surface area (10) . This permits tight control of cell geometry during measurements of strain and steady-state active tension. Here, by measuring these quantities, we show that cell mechanics in mitosis is dominated by the cortical layer of the cell. Because we can distinguish the cortex from the cytoplasm, this allows us to measure the time-dependent mechanical response of the cortical layer in vivo.
MATERIALS AND METHODS
Cell culture CO 2 . One day before the measurement, 10,000 cells were seeded into a silicon cultivation chamber (0.56 cm 2 , from a 12-well chamber; Ibidi, Martinsried, Germany) that was placed in a 35-mm cell culture dish (glass bottom Fluorodish FD35-100; World Precision Instruments, Sarasota, FL) such that a confluency of z30% is reached at the day of measurement. For atomic force microscopy (AFM) experiments, medium was changed to DMEM (Cat. No. 12800-017; Invitrogen) with 4 mM NaHCO 3 buffered with 20 mM HEPES/NaOH at pH 7.2. Where indicated, mitotic cells were detached from cell culture dishes with Trypsin/EDTA and measured on dishes coated with PLL-g-PEG (SuSoS, Dubendorf, Switzerland) that prevents cell adhesion but does not induce significant changes in cell surface tension (13) . For PEG-coating, dishes were first plasma-cleaned and then incubated for z30 min in 0.1 mg/mL PLL-g-PEG solution and afterwards rinsed with PBS and used up to 24 h afterwards. We used the cytoskeletal drugs blebbistatin (Cat. No. B0560; Sigma-Aldrich, St. Louis, MO), latrunculin A (Cat. no. 428021; Merck, www.merck.com), taxol (Cat. No. T7191; Sigma-Aldrich), or nocodazol (Cat. No. M1404; Sigma-Aldrich), where indicated. Drugs were added to indicated concentrations at least 10 min before the experiment. Mitotic arrest of cells was achieved by addition of S-trityl-L-cysteine (STC; Sigma-Aldrich) 2-8 h before the experiment at a concentration of 2 mM. This allowed conservation of cell mechanical properties during measurement times of up to 30 min for one cell (14) . Cells in mitotic arrest were identified by their shape and/or H2B-GFP. Diameters of uncompressed, roundish, mitotic cells typically ranged from 19 to 23 mm. We verified that mechanical properties of cells in mitotic arrest are similar to those of cells in metaphase of mitosis (Fig. S16 in the Supporting Material).
Atomic force microscopy
The experimental setup consisted of an atomic force microscope (Nanowizard I; JPK Instruments, Berlin, Germany) mounted on an Axiovert 200M optical, wide-field microscope (Carl Zeiss, Jena, Germany). For imaging, we used a 20Â objective (Plan Apochromat, NA ¼ 0.80; Carl Zeiss) and an AxioCam charge-coupled device camera (Carl Zeiss). During measurements, cell culture dishes were kept in a petri dish heater (JPK Instruments) at 37 C. On every measurement day, the spring constant of the cantilever was calibrated using the thermal noise analysis (built-in software; JPK Instruments). Cantilevers were tipless, 200-350-mm long, 35-mm wide, 2-mm thick, and made of pure silicon (NSC12/tipless/noAl or CSC37/tipless/ noAl, from MikroMasch; www.mikromasch.com) with nominal force constants between 0.3 and 0.8 N/m. Cantilevers were modified in either of two ways to correct for the 10 cantilever tilt and allow for axisymmetric confinement. For this purpose, cantilevers were supplemented by wedges consisting of UV-curing adhesive (Norland Optical Adhesive 63; Norland Products, Cranbury, NJ) (12) . During measurements, measured force, piezo height, and time were output at a time resolution of 10 Hz (compression steps) or 100 Hz (oscillatory compressions). For AFM compression of detached mitotic cells on PEG-coated dishes, we used the CellHesion module (JPK Instruments), which allowed us to vertically control the AFM cantilever in a 100-mm range (15) .
Progressive uniaxial compression of cells
To probe the viscoelastic response of cells, we progressively compressed them with the AFM cantilever. Before cell compression, the AFM cantilever was lowered to the dish bottom near the cell until it came into contact with the surface and then retracted to z15 mm above the surface. Thereafter, the free cantilever was moved over the cell. The cantilever was then gradually lowered in steps of 0.5-1 mm at a set speed of 0.5 mm/s interrupted by waiting times of 60-100 s. During these waiting times, the AFM cantilever was held at constant height and the measured force was relaxing. The force acting on the cantilever was continuously recorded. The height of the confined cell was computed as the difference between the height that the cantilever was raised from the dish surface and lowered onto the cell plus the height of spikes at the rim of the wedge (due to imperfections in the manufacturing process (12) ) and the force-induced deflection of the cantilever. We estimate a total error of cell height of z0.5 mm due to unevenness of the cantilever wedge and vertical movement of the cantilever to a position above the cell. The analysis of experimentally measured DF in dependence of x is described in detail in Section S2 in the Supporting Material.
Oscillatory compression of cells
To sample the viscoelastic response of cells at a distinct frequency, we performed oscillatory compressions of cells. To this end, we sandwiched cells between dish bottom and cantilever wedge and carried out oscillatory height modulations of the AFM cantilever with typical oscillation amplitudes of 0.1-0.5 mm in a frequency range of 0.01 and 2 Hz (Supporting Material). During this procedure, the cell was on average kept at a normalized height reduction of 30-40%. Oscillatory cantilever height modulations were generated by a piecewise linear approximation of the sine-function for oscillation periods of 0.5, 1, 5, 10, 50, and 100 s in a piezo height control mode (Supporting Material). If not indicated otherwise, height oscillations were set to an amplitude of 0.5 mm. If force oscillations became large (force minima reaching <50% of the average force value), oscillations were repeated at 0.25-mm amplitude. In this case, the lower-amplitude oscillations were used for stiffness analysis. We also performed cantilever oscillations in the absence of a cell. These blank cantilever oscillations also generated force oscillations. In this case, however, force amplitudes were much smaller ((0.02 nN). Accordingly, effects of the medium's viscosity are negligible. Oscillatory force and cantilever height curves were analyzed in the following way: for every data point, effective tension g eff and surface area strain ðAðtÞ À hAiÞ=hAi are estimated. An amplitude and a phase angle associated to the oscillatory time variation of effective tension g eff and surface area strain are extracted (Supporting Material). To estimate the value of the complex elastic modulus at a distinct frequency, we determine the phase angles 4 g and 4 eA as well as amplitudes b g eff and b e A of effective tension and surface area strain, respectively. The complex elastic modulus at this frequency is then calculated as b g=b e A exp ið4 g À4 e A Þ . In cells treated with a combination of latrunculin A (200 nM) and blebbistatin (10 mM), surface tensions were very low and mitotic cells were not properly rounded if adhered to the cell culture dish. Therefore, rheological measurements were performed on PEG-coated dishes in this condition (Table 1, row 6). Cantilever oscillations were chosen as 0.5 mm by default to achieve an acceptable signal/noise.
Restoration of myosin activity through photoinactivation of blebbistatin
Rheological measurements including (indirect) photoactivation of myosin II in blebbistatin-treated cells were performed on PEG-coated dishes with detached cells. In this way, we could entirely rule out effects of cell shape changes and adhesion during changing cell surface tension. During photoactivation measurements, we performed cantilever height oscillations until force oscillations were in steady state. Then, we exposed the cell for z10 s to blue light (GFP excitation, fluorescence lamp). As a consequence, the measured AFM force shoots up and at the same time, oscillation amplitudes increase (see Fig. 6 a) . Then, over a time interval of z10 min, the average force gradually decreases back to its original value as active blebbistatin reenters the cell (see Fig. 6 a) . As this decrease is slow as compared to the sampled oscillation periods (1, 10 s), we expect that oscillations are close to steady state during this time interval. We determined the momentary complex elastic modulus and the average effective tension within moving time windows of two oscillation periods. Oscillation amplitudes were chosen to be very 
Gene knock-down through RNA interference
To probe the influence of the molecular composition of the cell cortex on the viscoelastic response of cells, we performed gene knock-downs through RNA interference (RNAi). Cells were transfected with esiRNA (Eupheria Biotech, Dresden, Germany) targeting the genes MYH9 and ACTN4 at a concentration of 10 nM (MYH9) and 100 nM (ACTN4), respectively, using the transfection reagent Lipofectamin RNAiMax (Invitrogen). For a control, we used firefly luciferase esiRNA (F-Luc). At day 0, 30,000 cells were seeded into a 24-well plate (Nunc MicroWell Plates with Nunclon; Thermo Fisher Scientific, Waltham, MA). Transfection was carried out at day 1, medium was exchanged at day 2 (without antibiotics), and transfected cells were measured at day 3. Approximately 12 h before measurements, cells were trypsinized, diluted, and transferred onto a glass-bottom petri dish (FD35; World Precision Instruments) to achieve a confluency of 20-40% during AFM measurements.
Estimating cellular shape and volume during AFM measurements
During progressive uniaxial cell compression, a time-lapse of z-stacks was recorded in DIC mode including eight z-planes centered roughly around the cell equator (Dt ¼ 10-20 s and Dz ¼ 1 mm). At each compression level, we chose a time point of the time series, where steady force was reached and selected the z plane with maximal cell diameter and used this as an estimate of equatorial cell radius. It has been shown previously that the shape of mitotic cells during parallel plate confinement is to a very good approximation given by a shape of minimal surface area at negligible adhesion (10) . Therefore, the equatorial cell radius R eq and cell height h are sufficient parameters to determine cell shape and cell volume (Fig. S9) (10, 16) . To calculate cell volume, we used the formula V ¼ Àðp=24Þhðh 2 ð3p À 10Þ À 6hðp À 4ÞR eq À 24R 2 eq Þ, which can be derived by approximating the profile of the free cell contour by a semicircle. In this way, we estimated cell volume for progressive cell compression levels. In general, we do not find a trend for increasing or decreasing cell volume due to progressive uniaxial cell compression within the uncertainties of our measurement (z2% error; see Fig. S10 ). Therefore, we averaged volume values of one cell measured at the first four compression levels and used this average volume as estimated cell volume. Cells that were sampled through oscillatory uniaxial compression were imaged during slow cantilever oscillations (f ¼ 0.01 or 0.02 Hz) and the average equatorial radius during oscillations was determined. The average radius together with average cantilever height during oscillations was used to estimate cell volume as described above. Anticipating shapes of minimal cell surface area in steady state of uniaxial cell compression, we could calculate the area of contact A con ¼ pr 2 con between cell and cantilever wedge (or dish bottom) and the mean curvature H of the free cell surface for each compression level (Fig. S9) . To determine the contact radius r con , we used the approximative formula r con ¼ ðR eq À ðh=2ÞÞ þ ð2=3Þð ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi ð2R
À ðR eq À ðh=2ÞÞÞ, described in Fischer-Friedrich et al. (10) . Together with measured AFM forces, this allowed us to estimate cell surface tension in steady state (10) .
Calculations of the uniaxial compression of elastic model cells
To distinguish between the scenario of a mechanically dominant cell interior or cell cortex, we performed calculations of elastic deformations in idealized model cells. We calculated the elastic deformation of model cells in two different scenarios with the aid of Comsol Multiphysics (https:// www.comsol.com; see the Supporting Material for details). In the first scenario, which represents a mechanically dominant cytoplasm, the model cell was represented by an elastic body of revolution (E ¼ 1000 Pa, n ¼ 0.49) generated by a rectangle and an adjacent semicircle (see black wire-frame in Fig. 2 a) . In the second scenario, which represents a mechanically dominant cortical layer, the model cell was represented by an elastic shell (E ¼ 125 kPa, n ¼ 0.49) whose shape was defined by an outer contour of minimal surface area and a thickness of 200 nm (10) . Furthermore, we assigned a uniform, constant mechanical prestress that mimics active tension in the cortex due to the presence of myosin motors. The prestress is a constant, isotropic in-plane stress in the shell that was set to 5000 Pa corresponding to a surface tension of g st ¼ 1 mN/m. We calculated the force increase DF due to the creation of elastic stresses after a uniaxial compression by Dh resulting from a set piezo displacement of 0.5 mm. The total cell volume for Parameter values K h and t max were fit for each cell measured individually. Shown are average values and SDs. P-values were calculated using a Mann-Whitney test.
In addition, mean values of cell surface tension g st and cell height reduction x are indicated. During measurements, cells were adhered to glass-bottom dishes except for measurements corresponding to row 7. There, cells were detached before the measurement and resuspended on PEG-coated dishes to ensure proper cell rounding at very low surface tension (Materials and Methods). Blebbistatin inhibits myosin II; Y-27632 inhibits ROCK, which then affects cortical myosin activity downstream; taxol stabilizes microtubules; nocodazol interferes with microtubule polymerization; and latrunculin A interferes with actin polymerization.
both scenarios was V ¼ 5000 mm and was kept constant during the deformation. In the case of a shell, volume conservation was realized by the implementation of an internal pressure that was adjusted in the process of compression. In our calculations, objects are initially free of elastic stresses and only after the performance of the compression step are elastic stresses present. Calculations were carried out with elastic reference shapes with varying cell height h corresponding to different values of cell height reduction x ¼ 1 À h=ð2RÞ, where R ¼ ð3=ð4pÞVÞ 1=3 . We find that the functional dependence of logðDF=DhÞðxÞ is close to linear (see Fig. 3 a) . Linear slopes fitted in the x-interval [0.2, 0.6] differ for the two scenarios: while the elastic bulk shows a slope of z5.5, the elastic shell displays a slope of z9.7 (see Fig. 3 a) . Simply speaking, the larger slope of logðDF=DhÞðxÞ for the case of the shell originates from surface area stretch (DA/A) increasing more strongly than bulk strain (zDh/h) for increasingly oblate equilibrium shapes. These distinct trends allow us to clearly discriminate between the two scenarios of a bulk-or a shell-dominated mechanics. To compare theoretical results with experimental data, we plotted logðDF=DhÞðxÞ for each cell measured and fit a linear slope (see Fig. 3 b) . Indeed, measured logðDF=DhÞðxÞ are captured well by a linear dependence and show average slopes of 10.1 5 1.2 for untreated, mitotic cells (see Fig. 3 , b and c, green, 0.5 mm piezo displacement, Dt ¼ 1 s, N ¼ 11). We also measured cells treated with low doses of blebbistatin (2.5 mM), which leads to a reduction of cell surface tension by inhibition of myosin II. Again, we performed iterative cell compression steps on those cells. There, logðDF=DhÞðxÞ follows on average a slope of 10.1 5 0.8 (see Fig. 3 , b and c, red, N ¼ 11). Comparing slopes as predicted from computer simulations (slope of z5.5 for elastic bulk and slope of z9.7 for elastic shell) with experimentally derived slopes, we concluded that the experimental data are significantly closer to the scenario of a compressed shell (see Fig. 3 c) .
RESULTS

Rheology of thin active films
We first discuss the mechanics of a thin active film as a model for the cell cortex. The cortex is a dynamic active gel. While myosin and cortical cross-linker proteins turn over on timescales on the order of 1-10 s, actin filaments in the mitotic cortex turn over on the timescale of roughly 1 min (2, 17) . In the steady state, actomyosin contractility generates an in-plane contractile tension, the cortical tension denoted g st . Under dynamic area changes, this film tension becomes a dynamic quantity. The rheology of the film under uniform area dilation is characterized to linear order as
where e A ðtÞ ¼ ðAðtÞ À A 0 Þ=A 0 is the area strain, A 0 is a reference area, and the dot denotes a time derivative. The relaxation modulus G 2D (t) describes the time-dependent response, including memory effects and viscoelastic material properties (18) . Equation 1 describes a relaxation process by which the film tension relaxes to the steady-state value g st . The relaxation modulus G(t) results in general from a superposition of many collective relaxation modes with a range of relaxation times t, and can thus be written as (18)
Here, the relaxation spectrum hðtÞ characterizes the relative weight of modes with relaxation time t. The function hðtÞ characterizes the mechanical properties of the material. In the absence of detailed knowledge of the internal relaxation processes, we use a simple choice of hðtÞ, which corresponds to a relaxation spectrum with constant amplitude up to a maximal time t max , which is the longest relaxation time (Fig. S1 a) . In short, we choose hðtÞ ¼ K h for t % t max and hðtÞ ¼ 0 for t > t max . With this choice, the relaxation modulus is given by
where
Àiut dt can be decomposed into a real and an imaginary part as G
This complex elastic modulus characterizes the frequencydependent response of the active film to area dilation. The real-part G 0 2D is a two-dimensional (2D) storage modulus that accounts for the in-phase elastic response. The imaginary part G 00 2D is a 2D loss modulus that accounts for a viscous response. This dissipative part of the response is phase shifted to the applied oscillatory stress by p/2. Alternatively, the complex modulus can also be written as G
expði4Þ, where the phase 4 describes the lag between stress and strain during oscillatory forcing of the material. For viscoelastic materials, this phase shift typically ranges between zero and p/2. If the material is solidlike, the phase shift is small and close to zero. Viscous behavior corresponds to a phase shift close to p/2. Equations 4 and 5 provide a simple model to discuss the rheology of the cortical layer based on a characteristic timescale and a complex elastic modulus.
Note that the general form of the relaxation modulus given by Eq. 3 is model-independent. A particular choice of the relaxation spectrum hðtÞ corresponds to a rheological model. For example, the Maxwell model corresponds to the choice hðtÞ ¼ Kdðt À t 0 Þ, where t 0 is the Maxwell time and K is an elastic modulus. Our choice of the relaxation spectrum giving rise to the moduli (3-5) captures the essential features of the experimental data using only two parameters. Note that our model is fundamentally different from the Maxwell model as it captures a broad spectrum of relaxation processes. Power laws are often used to fit experimental data. Power laws also imply the existence of a broad relaxation spectrum. However, in the presence of a maximal relaxation time of the system, the power law must be cut off (Section S1). In the cortex, a maximal relaxation time exists because of filament turnover. As discussed in Results, a power-law relaxation spectrum without cutoff does not provide a good fit to the data.
Cell compression between two parallel plates
To experimentally characterize the mechanics of the cell cortex, we probed the mechanical response of HeLa cells in mitotic arrest utilizing AFM together with wide-field imaging. Cells were chemically arrested in mitosis by addition of STC, an inhibitor of kinesin Eg5. In this way, arrested cells were adopting a rounded shape for several hours. During our measurements, these rounded cells were confined between the cell culture dish and an AFM cantilever that was supplemented with a wedge (10, 12) (Fig. 1 a) . To characterize the confined cell shape during our measurements, we introduce the variable normalized cell height reduction x ¼ 1Àh/(2R), which quantifies how much the perturbed cell height h deviates from that of a sphere of equal volume (R ¼ ð3=ð4pÞVÞ
1=3 , where V is the measured cell volume; see Materials and Methods). This variable takes the value 0 if the cell shape is spherical and 1 if the cell is squeezed entirely to the dish bottom. After confining a cell with the cantilever, we waited until a steady state was reached with a constant force F st exerted on the cantilever. This steadystate force F st can be attributed to the presence of a cell surface tension g st ¼ F st =ð2Hpr 2 con Þ, where r con is the radius of the cell contact area on the plates and H is the mean curvature of the cell surface (10, 16) . While g st is largely constant independent of the confinement height of the cell, the steady state force F st increases for increasing x (10). We estimated the cell volume at increasing levels of cell height reduction and did not observe volume changes (within the accuracy of our measurements), suggesting that the cell volume is constant during the experiments (Fig. S10) .
Using the AFM-based assay, we performed step strain experiments by uniaxially compressing the cell in a series of small steps Dh (Fig. 1, a and b) . Upon each compression step, we observed a rise in force F up to a peak value F max . After the step was completed, the force relaxed to a new steady-state value F st that corresponds to the new cell height (Fig. 1 b) . We thus denote the force difference DF ¼ F max -F st as transient force increase (Fig. 1 b) . An example of the force relaxation upon a compression step is shown in Fig. 1 c (solid lines) , together with a fit of the model given by Eq. 3 (for details, see the Supporting Material). The inset shows a semilogarithmic plot of the same data. The observed force relaxation is similar to previous reports (11) and indicates a viscoelastic response of the cell. From the fact that tension relaxes to a value set by the steady cortical tension, we conclude that elastic stresses relax completely after a finite relaxation time.
Viscoelastic cell stiffness is dominated by the cortical layer
The AFM measurements show that we can characterize the time-dependent mechanical properties of the cell. We next wanted to understand the contribution of the cortical layer to these mechanical properties. For this purpose, we performed calculations of the uniaxial compression of two types of elastic model cells. The first model cell was constituted by an incompressible shear-elastic bulk (Fig. 2 a) . This corresponds to the extreme case of a cell with an elastic cytoplasm that dominates the mechanical properties. The second model cell was constituted by an elastic shell enclosing an incompressible bulk (Fig. 2 b) . This corresponds to the extreme case of an elastic cortical layer that dominates cell mechanics. This elastic picture, although simplified compared to the cell, allows us to characterize the differences of cortical and cytoplasmic contributions to cell mechanics.
Calculations were performed using linear elasticity theory in terms of finite element simulations (Materials and Methods and see the Supporting Material). For both cell models, we started from a stress-free reference shape with reduced height h ¼ 2R(1Àx). We deformed each model cell (Fig. 3 a) . Therefore, the simple alternatives of bulk-or shell-dominated mechanics can be clearly discriminated from the slope of log(DF/Dh) upon compression. In contrast to the ideal elastic model cell, actual cells are viscoelastic and their effective stiffness is timescale-dependent. However, for step strain experiments, a direct analogy can be drawn between an elastic and a viscoelastic system if the strain is applied in a fixed time interval and therefore a particular range of timescales of the system is probed (Section S3). We therefore examined whether experimentally measured DF, which is the transient force increase due to the presence of elastic stresses, shows a dependence on normalized cell height reduction that corresponds to either of the two elastic model cells. We plotted DF/Dh versus x in a semilogarithmic plot comparing the obtained slopes to those obtained from computer simulations (Fig. 3 b) . Using histograms of the experimental slopes, we conclude that the experimental data are close to the scenario of a a b c and with a constant in-plane prestress (5 kPa) corresponding to a constant active tension of z1 mN/m. This active tension is balanced by an internal pressure P. The shape before deformation is indicated by a black wire-frame and corresponds to a shape of minimal surface area at a given volume of 5000 mm 3 . The colored area shows the deformed shell. Color-codes for the value of stress component s 44 , where 4 is the azimuthal angle. As the problem is axisymmetric, only onehalf of the cell is shown corresponding to azimuthal angle 4 ¼ 0. (c) Stress components s 44 , and s, in the compressed shell along the contour of the inner (solid) and outer (dashed) surface of the shell (starting from the center of the contact area and continuing up to the equator). While 4 denotes the azimuthal angle, q parameterizes the direction orthogonal to 4 in the tangent plane of the shell surface. Shown is the overall stress (prestress þ elastic stress). To see this figure in color, go online. 1=3 for cell volume V (Fig. 2 , shear-elastic bulk: magenta, elastic shell: blue, Dh ¼ 0.5 mm). Every data point was calculated for an elastic object with V ¼ 5000 mm compressed shell (Fig. 3 c and Materials and Methods) . This suggests that the cortical layer is the dominant mechanical element in the mitotic cell. Thus, the mechanical cell response shown in Fig. 1 provides information about the rheology of the cell cortex.
Oscillatory forcing of the cell cortex
We next performed a careful rheological analysis of the cortical layer in mitosis using cell compression. A cortical layer is a complex and interlocking set of mechanical elements that responds under uniaxial compression at different timescales. To distinguish the mechanical behavior at different timescales, we performed experiments in which the cell height was oscillated at different frequencies (Fig. 4 a) . These height modulations give rise to an oscillatory force response of the cell with a phase difference between the cantilever height oscillation and the cellular force response. We observed that force oscillation amplitudes increase for higher frequencies at constant height amplitude (Fig. 4 b) . This implies that cell stiffness is larger at shorter timescales consistent with the observed larger forces at shorter times in Fig. 1 b. Force oscillations were close to a sinusoidal shape and scaled linearly with the amplitude of cantilever height oscillations (Fig. 4, a and c;  Fig. S12 ). Therefore, we conclude this to be in the regime of linear viscoelastic behavior. Note that when the cortex was disintegrated by cytoskeletal drugs, we observed strongly reduced force oscillation amplitudes (Fig. 4 b, red data), consistent with the finding that the cortex dominates cell mechanics.
For a rheological analysis, we identified strain and stress variables in our experiments. The results of the previous section indicated that the cellular viscoelastic response is dominated by the cortical layer. We therefore chose the strain variable to be the area strain of the total cell surface area (see Section S4). The relevant stress is the instantaneous cortical tension. To estimate this tension, we used an effective tension g eff given by the normalized AFM force FðtÞ=ð2HðtÞpr 2 con ðtÞÞ. In steady state, the effective tension equals the cell surface tension g st . Force amplitudes approach a nonvanishing value for small frequencies. However, amplitudes of effective tension g eff approach zero in this limit (Fig. 4 b, lower panel) .
Defining stress and strain as described above, we could deduce a complex elastic modulus of the 2D cell cortex. Measured cortex elastic moduli for untreated cells are shown in Fig. 5 together with a fit (N ¼ 95) , where errors indicate SDs. In the loglog plots shown in Fig. 5, b and c, fits of a Maxwell model and of a power law to the experimental data are also shown. As expected, the Maxwell model does not correctly account for the data. Furthermore, our rheological model provides a better fit of the data than a power law.
We tested whether measured values of the complex modulus G Ã 2D ðuÞ depend on the degree of normalized cell height reduction x. We found that the magnitude of G Ã 2D ðuÞ decreases for increasing x (Fig. S5 and Section S7). Therefore, to investigate the effect of perturbations on the stiffness of cells, it is important to perform measurements at similar normalized cell height reduction x.
When oscillatory cell forcing was applied in the same way to rounded interphase cells, we obtained qualitatively similar rheological data which were still captured by our model (Fig. S17) . However, cortex stiffness values as reflected by K h were roughly one order of magnitude smaller (K h ¼ 1 mN/m and t max ¼ 8 s). A similar relative increase in stiffness from interphase to mitosis was reported earlier from AFM indentation experiments on Drosophila S2R þ cells (19) .
So far, we have presented 2D complex elastic moduli of the cell cortex in units of mN/m for mitotic cells. To compare our results with previous measurements that showed three-dimensional (3D) complex elastic moduli of cells, we also performed an alternative analysis of our data calculating effective 3D Young's moduli using normalized cell height as strain and defining stress as s ¼ F/A, where F is the force and A is the cell cross-sectional area (Fig. S8, a and b) . From this analysis, we obtain effective frequency-dependent cell elastic moduli in the range of 100-1500 Pa for mitotic cells. For interphase cells, we obtain values in the range 10-500 Pa that are comparable to effective cell elastic moduli reported earlier for rounded interphase cells (20, 21) . Note, however, that effective 3D cell elastic moduli are not appropriate to describe 2D cortical mechanics. Interestingly, these effective 3D cell elastic moduli as a function of frequency resemble a power law more closely than the 2D moduli describing cortical rheology (compare Fig. S8, a and b to Fig. 5, b and c) . The reason for the altered shape of the dynamic moduli as a function of frequency originates in the different choice of the stress variables in the definitions of elastic moduli. In the case of effective 3D moduli, the stress variable is the scaled force, while in the case of 2D moduli, it is the cortical tension. Time-dependent force and cortical tension are not just proportional to each other. They are phaseshifted because of the coupling of the time-dependent cell geometrical changes with the active cortical tension in the force balance (see Section S9 for details). Therefore, elastic moduli derived from force or tension oscillations, respectively, show a different frequency-dependence.
Modulation of rheological properties by molecular perturbations
Having set up this method to study time-dependent cortex rheology during mitosis, we wanted to examine the influence of different molecular perturbations in the cellular system. To this end, we used cytoskeletal drugs and gene knock-down by RNA interference. For each condition, we determined the parameters t max and K h by fitting the rheological model to the frequency-dependent storage and loss moduli for each cell.
We found that perturbations of the cortex-associated molecular motor myosin II had a clear influence on cortex rheology. After addition of the myosin II perturbing drugs blebbistatin (selective inhibitor of non-muscle myosin II) and Y-27632 (selective inhibitor of ROCK, which regulates myosin II activity (11, 22) ), and after knock-down of myosin II, storage and loss moduli decreased (Fig. S13) . The associated phase shifts also decreased. Correspondingly, the cutoff time t max increased and the spectrum amplitude K h decreased (Table 1, rows 1 and 4; Fig. S13 ). These results indicate that reduction of myosin II activity makes the cell cortex more solidlike but less stiff.
To further examine the effect of myosin activity on cortical rheology, we used photoinactivation of the myosin II inhibitor blebbistatin under conditions were myosin was initially inhibited by blebbistatin (2.5-5 mM). Because blebbistatin is photo-inactivatable by blue light (23) , myosin II activity could be restored by blue light exposure. During oscillatory cell compression, the average force increased rapidly upon illumination by blue light (Fig. 6 a) . The amplitude of force oscillations also increased. When illumination was switched off after~10 s, the average force gradually relaxed to its original value after~10 min as active blebbistatin reentered the cell (Fig. 6 a) . In this time interval, we determined rheological properties of a cell while cell surface tension changed gradually because of myosin reinhibition (Materials and Methods). We found that the magnitude of the complex elastic modulus G roughly linear together with the declining cell surface tension (Fig. 6 b; Fig. S15 ). This indicates a more fluidlike behavior for higher values of active tension. Using values of G Ã 2D ð2pf Þ measured at f ¼ 0.1 and 1 Hz, we estimated parameter values K h and t max as a function of cell surface tension g st . While K h increases roughly linearly for increasing g st , the cutoff timescale t max decreases (Fig. 6,  c and d) .
To investigate the possible influence of microtubules in the system, we studied the effect of taxol, which stabilizes microtubules and nocodazol, which depolymerizes them. In the presence of either drug, the cell surface tension is slightly increased, suggesting that the activity of myosin is enhanced in the absence of dynamic microtubules consistent with earlier findings (9, 24) . Furthermore, addition of taxol (100 nM) tends to reduce values of storage and loss moduli at low frequencies while phase shifts increase. Correspondingly, t max is also reduced ( Table 1 , rows 2 and 3; Fig. S14 ).
We also examined the influence of the actin cross-linker a-actinin-4 (ACTN4) on cortical mechanics. Just like actin, a-actinin-4 is mainly localized to the cell cortex during mitosis (Fig. S6 d) (25) . Knock-down of a-actinin-4 through RNA interference leads to a reduction of steady-state tension in both chemically arrested mitotic cells (Fig. S6, a  and b) as well as in cells left to transition through mitosis (Fig. S6) . A change of cortical architecture as a consequence of knock-down of a-actinin-4 is also reflected by a reduced cortical localization of myosin, and to a lesser extent of actin (Fig. S6 c) . Oscillatory measurements of ACTN4 knockdown cells show that storage and loss moduli are reduced while phase shifts increase. This indicates a fluidization of the cortex due to a-actinin-4 knock-down. Correspondingly, estimated values of t max and K h are reduced as compared to control cells (Table 1 , row 5; Fig. S13 ).
Finally, we studied cells in the presence of the actin-depolymerizing drug latrunculin A (200 nM) in combination with the myosin II inhibitor blebbistatin (10 mM). In this condition, we find strongly reduced storage and loss moduli, which is also reflected by a value of K h that is reduced by approximately an order of magnitude. In addition, the characteristic timescale t max is reduced from z13 s in control cells to 4 s (Table 1, row 6; Fig. S14 ).
DISCUSSION
In this article, we have probed the mechanics of Hela cells and determined the 2D rheology of the cell cortex in mitotic arrest. To this end, we have performed dynamic uniaxial cell compression with a parallel plate assay. Parallel plate manipulation is an established method to probe cell mechanical properties of adherent interphase cells via microplates (26) (27) (28) . We apply this method to mitotic cells using AFM. High cell surface tension in mitosis (10) together with AFM measurement precision allowed us to control cell shape accurately. Our measurements confirm earlier findings that the cortex dominates cell mechanics (Fig. 3) (10,29-33 ). Based on this finding, we determine the frequency-dependent storage and loss moduli of the 2D cell cortex using the dynamic force response of whole cells. Cortical tension arises as the combination of a time-independent active tension due to actomyosin contractility and a dynamic part characterized by a 2D time-dependent relaxation modulus (Eq. 1). We measure a corresponding storage modulus G 0 2D z80 mN/m for frequency f ¼ 1 Hz, which is comparable to the area expansion moduli measured for MDCK II cells by AFM indentation (34) and approximately a factor-of-five smaller than area expansion moduli measured for preswollen red blood cells by micropipette aspiration (35) . We can estimate a 3D shear elastic modulus G Ã 3D ðuÞ ¼ G Ã 2D ðuÞ=ð2ð1 þ nÞdÞ of the cortical layer on the order of 100 kPa for f ¼ 1 Hz, using d z 200 nm for the cortical thickness (36) and a Poisson ratio n ¼ 0.5, corresponding to an incompressible material. Comparable moduli have been reported for actin-rich structures such as muscle fibers or actin stress fibers (37, 38) . We have also analyzed our data calculating effective 3D elastic moduli of the entire cell. We obtain a storage modulus of 1300 Pa during mitotic arrest at f ¼ 1 Hz . For interphase cells, we find z300 Pa (Fig. S8, a and b) . These effective cell moduli are consistent with earlier measurements determining cell elasticity (20, 21) . Interestingly, this effective cell modulus is generated mainly by the rheology of the cell cortex, as we show in this work.
Our measurement of dynamic storage and loss moduli allow us to discuss frequency-dependent material properties of the cell cortex. At frequencies <0.02 Hz, the loss modulus dominates and the cortical response becomes fluidlike. This suggests that the cortex behaves like a viscous fluid at slow timescales. This emergence of fluidity might be due to the turnover of actin cross linkers and actin filaments, which leads to the relaxation of elastic stresses at long times (2) . Because of this fluidlike behavior, the cortex flows in response to contractility gradients (39, 40) . Such cortical flows occur, for example, during cell division, particularly when the division is asymmetric, or during the formation of a contractile ring (39, 41) .
Our data suggest the existence of a longest relaxation time t max , which might be related to cortex turnover. Indeed, a simple rheological model with a constant relaxation spectrum and a cutoff timescale t max fits the rheological data well (Fig. 5) . We compared this fit to fits of a Maxwell model and of a power law. The Maxwell model with only a single relaxation time does not fit the data. The power law does not capture the maximal relaxation time that corresponds to cortical turnover. As a consequence, it provides a poorer fit as compared to our model. This can be seen most clearly when fit to the loss modulus data (Fig. 5 c) . However, when using the power law to fit the data, we obtain an exponent z0.3, similar to reported values (42, 43) .
The actin network is organized by a large number of associated proteins. However, it has been difficult to distinguish the roles of these different proteins for rheological properties of the mitotic cell cortex. In our assay, knock-down of myosin II and a-actinin both reduce the magnitude of the elastic modulus of the cortical layer, as suggested by previous work (44) (45) (46) (47) (48) (49) (50) (51) (52) . However, our oscillation experiments show that myosin II tends to fluidize the cortex, while a-actinin tends to solidify it. The solidifying role of a-actinin has been extensively studied in the in vitro actin networks and in vivo (46, 47, 51) . In terms of our rheological model, a-actinin knock-down reduces the characteristic timescale t max , suggesting enhanced cortical turnover under this condition. This is consistent with the observation that a-actinin overexpression inhibits actin turnover during cell division (53) . Previous studies have reported both a fluidization or a solidification of actin networks through myosin activity. Myosin II has been shown to fluidize non-cross-linked networks (54) while cross-linked actin networks were reported to solidify when myosin was added (50) . Several in vivo measurements have suggested a solidifying role of myosin for adherent cells (45, 55) , but a fluidizing effect for suspended cells (20) and myoblasts (52) . Here, we observed a solidification when myosin II is inhibited, suggesting that myosin activity in the cortex modulates rheological properties and increases fluidity. This resembles the observed fluidization of cellular material properties when exposed to large external prestress (43, 56) . We speculate that the fluidization by myosin in mitotic HeLa cells observed here could stem from enhanced actin turnover in the cortical layer resulting from increased active tension. This is supported by the observation that actin turnover is augmented by myosin activity during cytokinesis of mammalian cells (57) .
Despite extensive theoretical work that suggests that the best way to think about the cortex is as an active thin film, it has been difficult to test these ideas in vivo. By introducing uniaxial compression of cells and complementing this with a simple rheological model, our work provides a characterization of the time-dependent mechanical properties of the mitotic cortex, confirming that it behaves like an active fluid film on longer timescales. Modulation of the properties of this film drives cell morphology and tissue reorganization. 
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